Introduction
Nature relies on chemistry to maintain liquid water for life at subfreezing temperatures. The current paradigms use thermodynamic and/or kinetic arguments for cryosurvival in mammals, plants and insects (Hubalek 2003; Price 2007; Yeh and Feeney 1996) . Little is known of the cryoprotection chemistry for microbes, the predominate organisms in cold environments (Feller and Gerday 2003; Wilson et al. 2006 ). Microbial communities have been discovered in ice, (Junge et al. 2004 ) snow, (Carpenter et al. 2000) permafrost, (Steven et al. 2007 ) and at the polar ice caps (Karl et al. 1999; Priscu et al. 1999) . Analyses of core samples show the presence of viable life hundreds of feet below the ice surface. Samples of frozen tundra have yielded various Gram positive, Gram negative, and Archaea species (Steven et al. 2007; Walker et al. 2006; Wallenstein et al. 2007 ). Gram-negative Chryseobacterium and Gram-positive Enterococci were found to have a symbiotic interaction. The basis for cryosurvival is unknown, but macromolecules and/or antifreeze proteins were suspected. Bacteria from Arctic sea ice were found in brine veins or attached to particulate surfaces (Junge et al. 2004) . Surface interactions enable the bacteria to remain active at −20 °C (Junge et al. 2006) . For Gram-positive bacteria, metabolism was observed at a temperature of −10 °C (Junge et al. 2004 ). Other bacteria were dormant and became quite active when warmed to 37 °C (Junge et al. 2004) .
Bacteria, found in nearly all low temperature environments, must prevent ice formation to ensure survival. Coldadapted psychrophilic bacteria have liquid water present to Abstract Antifreeze proteins in fish, plants, and insects provide protection to a few degrees below freezing. Microbes have been found to survive at even lower temperatures, and with a few exceptions, antifreeze proteins are missing. We show that lipoteichoic acid (LTA), a biopolymer in the cell wall of Gram-positive bacteria, can be added to B. subtilis cultures and increase freeze tolerance. At 1 % w/v, LTA enables a 50 % survival rate, similar to the results obtained with 1 % w/v glycerol as measured with the resazurin cell viability assay. In the absence of added LTA or glycerol, a very small number of B. subtilis cells survive freezing. This suggests that an innate freeze tolerance mechanism exists. While cryoprotection can be provided by extracellular polymeric substances, our data demonstrate a role for LTA in cryoprotection. Currently, the exact mode of action for LTA cryoprotection is unknown. With a molecular weight of 3-5 kDa, it is unlikely to enter the cell cytoplasm. However, low temperature microscopy data show small ice crystals aligned along channels of liquid water. Our observations suggest that teichoic acids could protect liquid water within biofilms and planktonic bacteria, augmenting the role of brine while also raising the possibility for survival without brine present.
permit the uptake of nutrients and the exchange of waste products (Cavicchioli 2006; Price 2000; Price and Sowers 2004) . However, most bacteria found at subfreezing temperatures are quiescent and thus cryoprotection is essential to prevent ice formation that could cause cell death. Examination of the respective genomes shows that, with only a few exceptions, (Wilson et al. 2006 ) microbes lack the antifreeze proteins found in fish, plants, and insects. Thus, additional factors must permit liquid water at the microbe/ice interface. These factors may include brine veins, dust/soil particulates, or by endogenous biopolymers such as extracellular polymeric substances (EPS, primarily polysaccharides; Junge et al. 2006) . By forming a capsule around the cell, EPS prevent cell death from osmotic stress, hypersalinity, and mechanical ice damage (Baker et al. 2010; Collins et al. 2010; Marx et al. 2009 ). Here, we report the discovery that lipoteichoic acid, a biopolymer in the cell wall of Gram-positive bacteria, provides substantial cryoprotection to frozen Bacillus subtilis bacteria. Cultures frozen at −20 °C in the presence of 1 % lipoteichoic acid show a similar freeze tolerance to those frozen with a 1 % glycerol solution. The mechanism of lipoteichoic acid cryoprotection may include the ability of lipoteichoic acid to protect liquid water at temperatures significantly below freezing. Fluorescence microscopy images show that lipoteichoic acid alters the shape and size of ice crystals, provides liquid water in pockets and channels, and aids in sequestering bacteria into these domains. In this way, lipoteichoic acid could provide Gram-positive bacteria with the capability to maintain liquid water within the peptidoglycan cell wall and the immediate extracellular space. The numerous phosphate, hydroxyl, amine, and carboxyl groups of teichoic acid (Fig. 1) provide the opportunity for hydrogen bonds, ionic forces, and van der Waals interactions with water and/or ice crystals. Similar rationales are used to explain the properties of other known cryoprotectants (Chao et al. 1997; Mao and Ba 2006; Scotter et al. 2006) . Phillips et al. showed that 15 % glycerol, a common cryoprotectant, ensured >80 % survivability for microorganisms frozen at −70 °C for 1 year (Ludlam et al. 1989) . Other non-permeable cryoprotective agents, such as polymers and polysaccharides, create a thin layer of liquid water to prevent extracellular ice from contacting the cell surface (Hubalek 2003) .
Materials and methods

Bacterial cell growth and cryosurvival assay
Cultures of B. subtilis 1A578 were prepared via inoculation from a frozen culture and allowed to incubate in Fig. 1 Chemical structure of teichoic acids found in the cell wall of Gram-positive bacteria. The polyphosphate backbone is very long, with 40-50 repeat units dependent upon the species of bacteria. The many different constituents of teichoic acid facilitate chemical interactions with various ionic species, water, and the cell wall peptidoglycan. The random distribution of side chain groups produces a disordered polymer lacking secondary structure. This high degree of conformational freedom provides an entropic mechanism to keep water in a disordered state 1 3 20 mL LB broth overnight with 20 μL 1 % chloramphenicol. A portion of these cells was transferred to a solution of 20 mL LB broth and 20 μL chloramphenicol and cells were harvested during mid-log-phase growth (OD 600 of 0.8-1.0). The culture was diluted with LB to an OD 600 of 0.2 and aliquots transferred to Eppendorf tubes. Thus, excess nutrients were available for cell growth after thawing. Prior to freezing, samples with 1 and 10 % glycerol cryoprotectant were prepared by adding 5 or 50 μL of glycerol (Aldrich, Inc.) to 495 or 450 μL of cells. Another sample was prepared without additives and the tubes immediately placed in a −20 °C laboratory freezer. The 1 % LTA sample was prepared by transferring 500 μL of cells to a glass vial containing 5 mg of lipoteichoic acid (psLTA ultrapure, Invivogen, Inc.) followed by vigorous vortex mixing. This solution was transferred to an Eppendorf tube and immediately placed in the freezer. The LTA for this commercial sample was delivered as a pure lyophilized sample after isolation and purification from bacterial growth. According to the supplier, the LTA sample was obtained from Staphylococcus aureus bacteria. S. aureus produces an identical LTA molecule to that of B. subtilis. The purification method for psLTA is superior to that used in the production of B. subtilis LTA commercial samples (Morath et al. 2002) . The chemical structure of the LTA used in this work was verified with nuclear magnetic resonance spectroscopy. As shown in the supplemental data ( Fig. S1 ), the proton spectrum was analyzed using a 500 MHz Varian VNMRS spectrometer.
The Cell-Titer Blue ® Cell Viability Assay was used to measure cell growth and determine the viability of cells before and after freezing. The fluorescence-based system is a quantitative measure of cell metabolism and hence viability. Resazurin, which does not have fluorescence properties, is metabolically reduced to resorufin, which emits lights at 590 nm. Emission intensity correlates to the number of viable cells in a sample. The resazurin dye, also known as Alamar Blue, has proven to be an accurate test of a cell's viability (Promega 2009 ). Growth of the 0.2 OD 600 culture was evaluated by adding 100 μL of cells to 3 wells of a black 96-well flat-bottom microtiter plate along with 20 μL of Cell-Titer Blue ® Cell Viability Assay. On the same plate, a control set of wells was prepared by adding 100 μL of LB broth and 20 μL of the assay solution. This plate was covered and placed in an incubator at 37 °C for 2 h with readings taken every 30 min to ensure usual bacterial growth. Fluorescence intensity data were collected with a Cary Eclipse fluorescence spectrophotometer at an excitation wavelength of 560 nm and emission filter of 590 nm. After cold storage (1 or 4 weeks), the Eppendorf tubes were taken from the freezer, thawed, and plated in the manner described above. The cell growth was monitored for 8 h with readings at regular time intervals.
Fluorescence spectroscopy Variable temperature fluorescence spectroscopy was used to confirm the quenching of rhodamine-B in ice. Fluorescence spectra were taken using modular spectrophotometer (USB 2000 FLG, Ocean Optics Inc.) consisting of a gated spectrofluorometer (350-1,000 nm), a pulsed xenon light source excitation light source (45 mJ/pulse output, 220-750 nm), 2 fiber optic cables, and a temperature controlled cuvette holders with 4 optical windows. The optical cables were positioned at a 90° angle on the cuvette holder. Each spectrum is collected in a few seconds. The peak maximum and linewidth were determined using the Ocean Optics Software (OOIBase32). The dye was mixed with either water or aqueous solutions of DNA (5 % w/v), LTA (1 % w/v) or NaCl (1 M). The solutions were placed in the cuvette and the temperature lowered by pumping chilled water/glycerol through the cuvette holder. The temperature was maintained using a temperature controller (model TC-125, Quantum Northwest, Inc.).
Fluorescence microscopy
B. subtilis cells were isolated in mid-log growth phase, pelleted, and suspended in 10 mM NaCl solution to prevent osmotic shock, and mixed with rhodamine-B dye. A 5 μL drop was placed onto a glass microscope slide and covered with a glass coverslip. Microscopy experiments were performed with a Nikon TE2000-E inverted epi-fluorescence microscope. In this configuration, the lens and light beam are underneath the sample, which allows us to cool the microscope slide from the top. The slides were cooled using a home-built brass manifold with ports to circulate a chilled glycerol/water solution. A thin wire thermocouple was placed between the brass manifold and the surface of the microscope slide and the temperature recorded. Using a 60× oil-immersion lens, a thin layer of oil was maintained between the lens surface and the slide coverslip. This prevented frost buildup at the lens/sample interface, which otherwise would severely hinder the fluorescence experiments. In our experience, after 30-45 min, water would penetrate the oil layer, create a frost layer, and make it impossible to bring the image into focus. Thus, we would change samples after 20 min of work.
Results
Bacterial cryoprotection was evaluated with a cell viability assay based on the metabolic reduction of resazurin to its fluorescent analog resorufin. Assays based on binding to nucleic acids or bioluminescence from ATP produced large background signals from interactions with the phosphodiester LTA biopolymer. After thawing, the samples were mixed with the resazurin reagent, distributed in a 96-well plate, and placed into an incubator. Over an 8 h period, fluorescence intensity increased from cell growth and resazurin metabolism (Fig. 2) . Rapid growth is seen for cells frozen with 10 and 1 % glycerol, reaching maximum intensity after 3 h. These results are not surprising as glycerol, a known cryoprotectant, has been used extensively to protect frozen stock since the 1950s. For bacteria frozen in the presence of 1 % LTA, cell growth begins immediately after thawing and reaches maximum intensity after 3 h. The log-phase growth mimics that of the 1 % glycerol sample; however, the transition to stationary phase and death phase occurs faster than the 1 % glycerol data for unknown reasons. Regardless, 1 % LTA is providing cryoprotection although the survival mechanism is not fully understood. Cryoprotection from both glycerol and LTA is less effective for bacteria frozen for a longer time period. After 4 weeks at −20 °C, the data in Fig. 2 show that the 10 % glycerol stock sample generates about 1/2 of fluorescence intensity as the same solution frozen for 1 week. As the resazurin content is the same in all samples, this indicates that the number of viable bacteria decreases with freezing time. This is not unexpected given the rich history of adding glycerol to frozen bacterial cultures. The 1 % glycerol and 1 % LTA samples also show decreased survival after 4 weeks, but nonetheless also demonstrate the ability of LTA to act as a natural cryoprotection agent.
If LTA is a natural cryoprotectant, then bacteria should survive freezing without any additives. This is indeed the case. Data presented in Fig. 2 show cell growth of a thawed B. subtilis culture frozen in saline solution without additional glycerol or LTA. The fluorescence intensity is very low and does not increase until 5 h of incubation. The apparent lag phase growth could indicate freeze-stress recovery that does not involve resazurin metabolism or, alternatively, a very low number of survivors whose metabolic fluorescent signal cannot be detected until the cell density increases. Although we cannot distinguish between the two possible causes of low signal, these data are consistent with growth curves recorded using a 0.01 % inoculation from frozen stock. While salt solutions can lower the freezing point of water, a 10 mM solution should have a negligible effect, lowering the freezing point by 0.04 °C (Atkins and De Paula 2010) .
Bacterial survival requires limiting contact with damaging ice crystals. This can occur by either changing the size/ shape of ice crystals or creating a protective layer of liquid water. LTA may enable one or both of these mechanisms and fluorescence microcopy was used to visualize the ice/ water mixture. While selecting a fluorescent dye, we discovered a brief report in a book from 1957 describing the quenching of rhodamine-B in ice (Szent-Györgyi 1957) . This phenomenon was verified with fluorescence emission spectra collected in our lab (Fig. 3) . When rhodamine-B is immobilized in ice (Fig. 3b) , the electrons in rhodamine-B are able to occupy a triplet state, frustrating fluorescence processes. The emission spectra of Fig. 3 clearly show the loss of signal, which is restored upon the addition of 1 % w/v LTA (Fig. 3c) . However, DNA or NaCl solutions do not restore signal intensity, suggesting that the LTA functions as a cryoprotectant in a non-colligative manner (see supplemental data Fig. S3 ). Emission quenching of rhodamine-B in ice is also seen in the two-dimensional microscope images (Fig. 4a) . After LTA addition, the rhodamine-B fluorescence intensity is large (Fig. 4b) . Compared to Fig. 4a , we estimate a nearly thousand fold increase in light intensity, calculated from a 10× difference in image brightness and the 100 fold intensity enhancement of Fig. 4a . The unexpected nature of Fig. 4b was the size and shape of the liquid water fraction. One could imagine that large ice crystals would form and segregate the LTA/dye/water into large pockets. Instead, we observe microscopic ice crystals on the scale of a few microns in diameter and length. These data demonstrate that LTA creates a highly connected network of small water-filled cavities between ice crystals. Such an arrangement could contribute to microbial survival by permitting nutrient/waste exchange in the liquid water and enable the formation of microbial communities along the water channels (Rohde and Price 2007) .
Cultures of B. subtilis were transferred to a saline solution to prevent death from osmotic shock. When mixed the bacteria, the rhodamine-B dye is able to enter the cells and stain the interior. From a room temperature image (see Fig. 2 A cell viability assay shows that lipoteichoic acid provides protection against freeze death. In absence of additives, cell growth does not enter log phase until many hours after thawing. When cells are stored for 1 week or 4 weeks at −20 °C, protection by LTA resembles that of 1 % glycerol. Whereas glycerol enters the cell to reduce osmotic stress, the mode of action of LTA involves the protection of liquid water in the extracellular space supplemental data, Fig. S2 ), the bacteria absorb nearly all of the dye from solution. At −20 °C, the 10 mM NaCl solution is frozen (Atkins and De Paula 2010) yet dye emission is observed within the bacterial cells (Fig. 4c) because of liquid water in the cytoplasm, cell wall (peptidoglycan and TA), or both. We suspect liquid water in both regions because both the cytoplasm and teichoic acid in the cell wall protect liquid water. However, when additional LTA is added, the image taken at −20 °C shows the bacteria restricted to areas between ice crystals (Fig. 4d) . These areas resemble the channels of LTA in water (Figs. 4b) . These images are reproduced in the supplemental data for further inspection (Fig. S4a-d) .
The fluorescence microscopy images show that the water is present in long connected channels between ice crystals. These features would enable life to exist at subfreezing temperatures (Rohde and Price 2007) by (1) alleviating osmotic pressure, (2) allowing the exchange of nutrients/waste products, (3) permitting bacterial motility along the water channels and (4) permitting the exchange of biochemical signals to allow cell-to-cell communication and quorum sensing. The presence of liquid water would also allow for DNA repair processes and perhaps other enzymatic events (Cavicchioli 2006; Rothschild and Mancinelli 2001) . Low temperatures would slow normal processes; though some cold-induced enzymes would be able to function (Cavicchioli 2006; Feller and Gerday 2003; Rothschild and Mancinelli 2001) . Even for quiescent microbes, antifreeze LTA properties may have a survival role for extremophiles found in ice-core samples (Cavicchioli 2002; Clarke et al. 2007; Hoover et al. 2003; Horneck 2000; Mueller et al. 2005; Nghiem et al. 1993; Pikuta et al. 2003a Pikuta et al. , 2003b Pikuta et al. , 2005 Pikuta et al. , 2006a Pikuta et al. , 2006b Pikuta et al. , 2007a Pikuta et al. , 2007b .
Discussion
The presence of microbes in frozen ecosystems (Carpenter et al. 2000; Feller and Gerday 2003; Hoover et al. 2003; Junge et al. 2004; Karl et al. 1999; Pikuta et al. 2003a Pikuta et al. , 2003b Pikuta et al. , 2005 Pikuta et al. , 2006a Pikuta et al. , 2006b Pikuta et al. , 2007a Pikuta et al. , 2007b Priscu et al. 1999; Steven et al. 2007; Wilson et al. 2006 ) and the possibility for extraterrestrial life in the polar ice caps of Mars (Cavicchioli 2002; Horneck 2000) will benefit by defining Fig. 3 Fluorescence emission spectra of Rhodamine-B dissolved in water. At room temperature, the emission peak apparent (a). When frozen, the emission is quenched (b). The emission spectrum resembles that of pure ice, which occurs because the incident light scatters off the ice crystals (see supplemental data). When mixed with LTA at 1 % w/v, the emission peak is restored at −20 °C because TA allows the presence of liquid water ▸ the conditions under which life can exist (Price 2007; Rothschild and Mancinelli 2001) . Liquid water must be protected within/around these life forms and genetic mapping is often used to determine if an organism has antifreeze proteins (D' Amico et al. 2006) . Although some bacteria have antifreeze proteins (Duman and Olsen 1993; Gilbert et al. 2004 Gilbert et al. , 2005 Kawahara 2002; Kawahara et al. 2001 Kawahara et al. , 2007 , the use of AFPs is not widespread. Psychrophilic bacteria lack AFPs, and freeze tolerance is attributed to unfreezable water when confined to small spaces (Mindock et al. 2001) . Even if AFPs are present, the freeze protection is only effective to a few degrees below zero (Yeh and Feeney 1996) . Our data show that LTA provides an natural innate mechanism to maintain liquid water in the cell wall without the need for brine veins, although brine/LTA may have mutual benefits to the microbe.
Teichoic acids, WTA and LTA, compose 50 % of the dry weight of the cell wall (Neuhaus and Baddiley 2003) . The discovery that teichoic acid permits liquid water at sub-zero temperatures adds to the list of functions for teichoic acid (Neuhaus and Baddiley 2003) . Without additional LTA, the cells survive but require many hours before cell growth is measureable. This result suggests a low, but non-zero, number of survivors. Survival occurs because of many factors, including the presence of teichoic acids (LTA and WTA) in their cell walls. It is also possible that survival may be greater in nature where lipoteichoic acid is excreted from cells, and the extracellular concentration can be significant, especially within biofilm environments (Brock and Reiter 1976; Ekstedt and Bernhard 1973; Hussain et al. 1991 Hussain et al. , 1993 Jones et al. 2005; Tojo et al. 1988) . Within biofilms, LTA binds water and forms cell-to-cell contacts (Hasty et al. 1992; Mattsson et al. 2004; Weidenmaier et al. 2003) . The latter event involves a "grappling hook" action that precedes the transfer of cell signaling molecules (Dunny and Leonard 1997; Dunny et al. 1995; Leonard et al. 1996) . Additionally, it is widely believed that LTA plays a significant role in bacterial adhesion, an event that precedes biofilm formation (Gross et al. 2001; Rose 2000) . EPS are a major component of biofilms, and EPS have been shown to be an effective cryoprotectant (Baker et al. 2010; Collins et al. 2010; Junge et al. 2006; Krembs et al. 2002; Krembs and Engel 2001; Marx et al. 2009; Raymond and Fritsen 2001) . Although EPS alone could provide a biofilm with cryosurvival properties, the presence of LTA in biofilms would be an additional benefit to the microbial communities. The samples in this study reached −20 °C in a few minutes; a biofilm would not have time to mature nor would it be possible to have sporulation. However, fluorescence microscopy images show the bacteria organized into groups, mimicking a small biofilm cluster. Such organization would enable natural cooperative cryosurvival strategies between adjacent bacteria and could involve localized secretion of EPS, LTA, or both.
Discovering antifreeze properties for bacterial teichoic acid and demonstrating enhanced survival when extra LTA is present fill a void in cryobiology. Currently, we do not know the mechanism by which liquid water is protected by teichoic acid. One possibility is the use of NMR spectroscopy; a methodology was used to understand the properties of antifreeze proteins (Chao et al. 1997; Krishnan et al. 2005; Mao and Ba 2006; Scotter et al. 2006; Tsvetkova et al. 2002; Yeh and Feeney 1996) . Additional insight regarding the role of teichoic acids in low temperature biochemistry could be obtained using mutants with teichoic acid deletions. These strains should exhibit increased freeze mortality. Gründling and Schneewind demonstrated the complete deletion of LTA, which caused S. aureus to stop growing (Grundling and Schneewind 2007) . The remaining cells showed enlarged cell size, thicker walls, and misplace septa for cell division. These traits would complicate examination of freeze-induced mortality in the LTA-absent mutants and therefore LTA-absent mutants are unlikely towards understanding cryoprotection from LTA.
Conclusions
Life processes at sub-zero temperatures require liquid water. The discovery of viable organisms in extreme environments has required new chemical and biochemical explanations of the manner by which liquid water is protected. These explanations also impact the search for extraterrestrial life, for instance on the polar ice caps of Mars, by helping to define the conditions under which life can exist (Price 2007; Rothschild and Mancinelli 2001) . Genetic mapping has been used to determine if an organism has antifreeze proteins (D' Amico et al. 2006) . These studies show that only a few Gram-positive bacteria have the genetic makeup to express antifreeze proteins. B. subtilis is not among this group. Gram-positive bacteria can use salts, nucleic acids, and lipids as antifreeze agents in the cytoplasm and membrane bilayer. Our data show teichoic acid provides a mechanism to maintain liquid water and that bacterial survival is greatly enhanced when teichoic acids are present in the extracellular space. As teichoic acid is ubiquitous in Gram-positive bacteria, it can be used to ensure survival of individual bacteria and biofilm communities. In the latter, teichoic acids are excreted into the extracellular space where it could play a symbiotic role in cryoprotection.
Teichoic acid has diverse chemical functional groups that may contribute to its ability to protect liquid water; however, an exact chemical explanation for this new function has yet to be determined. It is possible that the mechanism of bacterial lipoteichoic acid cryoprotection shares enthalpic and entropic properties of cryoprotectants found in higher forms of life. At the onset of freezing, frogs excrete large amounts of glucose to lower the freezing point of water while preventing the formation of large ice crystals. Fish, plants, and insects inhibit ice formation with antifreeze proteins (AFP) that bind to the growth face of ice crystals. Enthalpic contributions are accompanied by entropic factors from a disorganized chemical system (Chao et al. 1997) . These factors slow the kinetics of crystallization such that AFPs perform their task at very low concentration, characterized as a noncolligative depression of the freezing point. It is possible that the teichoic acid biomolecules share these properties.
